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IBSIRLCT

Tonls report is cancerned exclusively witn tne
I. T.

in

wind. tunnel tests which heve been conducted at ..

connection with the development of & -high-tngle d.‘l.r_isible

bomb .
In Section I the resetrch done previous to

October 15, 1942, is summerized. The balllstic coefficlents

and ~ther gerodyntmic deta for & tentative finsl crueciforam:

fin model dirigible bomb are Included (see Appendix II./.). .
Section II dezls with & series of tests dezigned "

to wessure the cerodynemic rolil torque developed by & cruci-
It wes

form fin structure bomb in combhined piten end yuw.

' found theat for cdequete roll control the present stztie

aileron driving torgyue will have to be incz'eas-:-:d_ by &t least

: a-Taetor of three.
- Is & possible iweens of ell.udacting the asrodyncuic

roli torques inherent in a cruciforw fin struzture, a-sr.rohd

model higli~angle dirigible bomb with cylindricei sywmetry
Section IIl gives.

tbout 1its longitudinsi eXls nus ceveloged.
the results of wind tunnel tests on & sihrouded dirigible

bomb.




INTRODUCTION

During the pest fifteen yeéra, oTeet lmprovements
heve been mzde in the fields of bombers end bombsights.

Boﬁbs theuwselves, nowever, hive been chenged very little.,

. Theoreticel trejectories cen be computed on the busis of the

cerodynzmic cherscteristycs of &« boumb us ueteruined from wind
tunnel tests. In prectice, thougn, sucn verirbles ts isym-
metries in the bomb's construction, undeteriiined ztmospheric
conditions in the course of its flight, e¢ha varigtions in

the cttitude of the bomb tt the instent of relecse from the
bomber leed to erratic devietions frow the celculited tra-
Jjectory. uMoreover, there is the tdditionzl considereation of
obteining hils on & moving tsrget, e.g., v weneuvering snip
et see. .

Two colutions to these difficulties, inu thereby
meen: for converting misses into Mnear wilcses® or into hils
2: siwitlonery snd moblle Sorgets, neve Leen sugpcsted. The
obvious one is to bowb frow low zltituues &5 in dive bowbing.
The other, and more desirsole, one is to control the flight
of tie voub zfter it hee been relessec frow the homber.
Contiollible or uirigible boubs cun be clissified rougidy in
two sroups, low-engle or glide end hilgn-ingle bewbs, depending .
upon the engle ¢t wulch Lue bomb strikes tne terget.

. The purpose of the wind tunnel resSecrcy Progrem
éigiied on aifif i. T. wts to Gesign thé fin end control

“
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surfsces for ¢ nign-tngle Girigible bowb. In zadition,

low velocity (40 to 150 w,p.h.) date on the bslilstic

coerficients of tue rowplete wodels were obteined. From
these dets theoretical calculntious of the trejectorics with,
control exercised to eeviecte tne bomb_from its norawl free-
fell trejectory were méde. The perforsence of- the high-
engle dirigible boubs, designed on the bisis of the wind
tunnel tests, in free filgnt ¢nd pt high velocitles wus

checked by sctuel drop tests.




SFCTION I. RESELFCH PREVIOUS TO OCTOBER 15, 1942.

The first wind tunnel tests m&de on ¢ high-zngle
dirigible bomb ¢t M. I. T. were conducted to determine the
practicality of this type missile (see Section III, First
Progress Feport). In this connection, measuremerits were

mede to check Dryden's results (see Dryden's report, deted

Februery, 1927, summerizing & program of research in bomb
bellistics for the Ordnence Depurtaent of tine frmy cerried
on from 1918 to 1926 at the Bureeu of Stuncurds) and to
gyrive tt a tentetive fin &nd control surfice design for e

dirigible bomb. [ helf-scele wooden model of tne Lray Mi4

1000 1b. demolition bomh wes tested in the 5 ft. c¢ircular

(“3 wind tunnel of the Guggenheim Leroneutics Leboratory et

¥, 1. T. Three-component deats, CL’ CD tnd C”CG, obtelned

on the standerd /rmy Loring fin design were in good tgree~
ment with Dryden's results which hed -been used for preliwinery

In en wttempt to increcse the tveil-~

trejectory calculetions.
tble 1ift, ¢nd thereby tne meneuvertbility, znd to facilitcte
second fin structure

[

tne introduction of control surfsaces
(see Fig. 16, First Progress Report) of the flat-plete

cruclform type wes zlso tested. Tnls set of fins wus 3"

longer then the stzndero frmy M44 Tins, the width being equel
to the disgonel of the sguure prism enclogina the cylindrical
portion of the boub cese, i.e., width = JZ X wixluum ditweter

=b=
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O

in elevotor surfece oxtending tue full waidta
It

of bumb céese.
of one of the fine wes introduced tt its treiling cage.

wes found (se¢ Fig. 20, First Progress Legori) tuct tne

negetive Lift.of the elevitor resulted in trim velues of Cp

&nd Uy which were essentisliy the swue us tuose oltilncd from

Dryd.n's report and used in the preliuiaw.ry coampubiticns,

Thus waile 1t wes verified thet & higi-insle boww could He

controlled, tae problem cf ifaproving the 1ift cnerceteristics

of such & missile remcined.
To incretse the cveilable 117t, the horizontil fin

veS .engthnened by extendir, it forwird zlong tie sides of the

bomb ctse to the beginning of the nose ogive (see Fig, 1,

second Progress Renort). Lift, dreg, énd pitcaing moument dete

obtz.ned ia tne 5 £t, wind tunnel on : half-scile modei of the

k=44 boib wita this so-celled "long sideburn® lin design

indizeted that for ungles of astticd gretter tnen 10 degrees,

cL wes cpproximztely 40 per cent grectcr tuin thet for thne

S

stencerd Loring fia structure (seec Fig. 2, Second Propress:

Wuile the coatroliubility (see Flg. 3, becond Propress .

- Report).
Report) for this combination of fin structure end control

surf: ce wts not ideal, it was declded tnut it wes :dequate for

+. colution of the problewm of roll control

preliwlnery »orx.
&nd stebility of tae bomb wes next sought. -

Essentielly, ¢ second control surfece or set of

control surfeces 1is reguired if the bowb's trijectory is to

-5-




(i) be controlled in both renge end czlmuth. s rsn Llternttive,

operation of ¢ single sct o” control surfeces !
: -

the method of

mlght be mede viritble., Ine nuturc and operstion of the

seccnd surface cdepends upon the method anich is to vbe used
Two metinods of

for controliing tae flignt of the bomb.
control, B - @ and X - ¥, were considered (see Section III,

Second Progress Report).
In R - & control, the renge «~né eziuuntn ol the boumb

sre corrected by use of a single elevitor surfzce, or pzir of

surfaces, in the horizontel fin end & pzlr of vileron surfsces

in-the verticel fin whicn control the roll of tne boub :tbout
Thus the 1ift vector iwhich is perpendle- ; ’
the

its longltudinzl &xis,

ulzer to the velocity vector slways lies

ia the. plene of

vector wlth resaect to

( vertizel fin, the direction of tne li:t

& Iixed vertici:l pline being capeble of virdetlon zt viil,

-y

To cbtein X = ¥ control one stebilizes Llhe boub with respect

to 10oll tbout ivs longitudinel axls ornu irerodvced ¢ rudder

intc the verticrl fin wiilchi 1e identicel o the eleveins in

Then since the orientstion of

the fins

the norizontel surfeace.
ie wnown waitn respecct to a fixed verticeli plene one ¢eén correct

the renge nud wzziwuth of the boub by simulteneous egpclicetion

of the glavetor and rudder.
: i
The choice between [ = @ &nd X ~ ¥ control of the

bombls flignt depends primerily upon the ueens ugsed Tor

by




Indicsting the corrections to be epplicd to its trejectory

end upon the instrumental difficulties encountered in

sehieving the control. &s originzlly plsmmed, the high-zngle
4iriginle bomb developed ot . I, T. wts to neve o television
cemerz usounted in its note to inclcete the necessary corrections.
From the.transmitted television plcture, one would know &t

a1l times the roll orientation of the bomb &nd tnerefore the
roll control to be &ppliec. Taus for & televisionsequipped
bomb, wiilch wes the only type considered &t thet time, the
choice between E - @ znd X - ¥ control depended essentiully
'upon the instrumentszl difficulties involved. Since X =~ ¥
control reguires rol. stebility wuich cen only be ecnieved

by use cf & gyroseopic or other suiteble uwevice involving
rether compliéated instrumentetion, it wes tewporerily vejected.
The three-component wind tunnel dete ooteined on the helf-sctle
wodel were directly sppliceble to & study of R - @ control.
It'remained to deteruine tpe roll cherecteristics of the homb
with the modified cruciform fin design hsving en elevetorlin
the horizonte. surfece znd & peir of cilerons in the verticsl
surfece; '

Three-dimensiontl trizjectory calculstions besed on

P - © coutrol of tne bowb indicizted thit the zileron driving

torcue would be wdequste ir it yielded & meximum roll
scceleretion of 90 deg./sec.2 &t 300 m.p.h. To design the
eilerons to meet this specificution, it wes first ﬁhoqshﬁ

-




thet it would be necesssry to determine the driving torgue

due to different size eilerons &8 & function of engle of
However, due to

atteck, alleron setting ind wind velocity.
the fect thet only smell corrections need be mede to the

tra;éctory of & television~egulipped bomb :nd tierefore only
smell cngles of sttack will be required, it wes decided thet

wind tunnel meesurements mede &b yero nngle of atteck would
It should be poted tuet the tirflow over the

suffice.
ellerons is essentially the seme ct swell velies of stteck

gngle &8 &t Zero.
The zctuel alleron driving.torque scting on the

bomb in flight can be closely crpproximcted ¢s the difference ’ ‘

l ' between the steztic roll Sorque produced by the silerons znd
Lonsideretion of the

( the cerodynemic roll deaping torque.
megnitude of these two forgques (see Section 3.C znd #ppendix C

+ ¥

of Third Progress Lieport) showed thet during .the first

revolution of the bomﬁ the dewmping torque is smell compired

with the stetic driving torgue &énd cen therefore be neglected,

E -~ & control requirlng roll displeceuentis not greater- them

50 degrees. This conclusion was borne out by drop tests .of

100 1b. prictlice hombs (see Sec. 4, Tulrd Progress feport).

Fbtewpts to we&suyre the stotic roll torque developed by

tileron tubs iniroduced into the verticel fin et its trailing

edge (see F1g. 8, Second Progress Feport) on & helf-scele

model mounted in the 5 ft. tunnel using the 5-wire Prendtl.’

-




( suspensgion (sée fig., 11, First Progress Report) were
unsuccessful due to tne low sensitivity of the No. 3 und
No. 4 bslinces. Subsequent meesurements were mude on the
half-scele woorden model mounted so thct it wes free to
rote te sbout its longitudinel waxis, the longitudinsl vxis
beirg cotxial with the test section of the tunnel; 1.e.,
tero ingle of zttack. Dati obtained frowm these experiments
(see Sectlon 3, Third Progress Report; Sgction 3, Fifth
Progress Report) led to the finel design of the siierons
for the television-equippad 8 - @ controlled 1000 1b, bomb,
&8 shown in Fig. 2 of the Fifth Progress Eeport.
l ' To check the roll cherscteristics of the bomb .st
R ‘sngles of attack other tasn zero, cuslitctive experiments
. were conducted in the ¥, I. T. 5' x 7' wind tunnel on the
- . helf-scele wooden model, gimbcl-moﬁnted to'pérmitlit complete
rotztionél freedom ebout its center of umess (see Flg. 11 and
Section.3.2, Third Progress Report). is wes predicted. (sae
Bection 3.1, Tkira Progress Report), tne erplicotion of the.
aileron driving torque et finite znglcs of ettzck resulted
in spinning motion of the bomb or helicel irajectory im free
‘ flignt., Thus, quelltaztively tue longitudinel &xis of the boub
described & cone, the velocity vector being the cone sxis,
At tne seme time, the bomb rolled sbout its longitudinel axis
with «:n enguler ve)oclty vetersined by the tlleron drivlqg
torque. The onguler velocity of the long;;pdin;l &X%1s &bout

( the cone w&s ecuzl to the roll sngular velaeity.:
e
S |
v___—_u_—_'. . . - - - ———— ) W—_ et G T
. ' . p 4 ’ ‘ . /:
* " : wy Yewe : g
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With the fin &nd control surfice design completed
on the besis of wind tunnel measurements, construction work
on & full-scele 100u 1lb, television-equipped R - 9 controlled
bomb vis underteien, For instruwentel Trecsons, & number of
chenges were mede in the shipe of the ccse ¢nd the disposition
of the elevetor control surfzce. The most significant of

these were the division of the elevitor into two surfeces

end the plvoting of bothn tné elevators sno the &ilerons

20 per cent of their chord lengths from their leading edges

to echieve &n cerodynenic belince end thereby reduce the

hinge moments (see Fig. 2, Fiftn Progress Leport). To check
the effects of these chenges on the zerodynumic properties

of the bomb snd to obtein deteé on the overtll performuznce of
the completed unit, & series of winé tunnel lests vere
conducted in the M. I. I. ¢rigat Brotners! Vina Junnel on the
full-scele bomb st ¢ velocity of 150 m.p.n. (see Sections 2

end 3, Fifth Progress keport)., For this serles of experiments,
tvo different mountings were used. ihe pitcn churacteristics
of the boamb were studied by peraltting the boumb to rotete
freely tbout & transverse «xis tarougn the c.g. while roll
control +&s investigested with tine bowb free to rotuste ebout

its longitudinel exis et zero wngle of attuick., £5 & result

of thess tests, it wes deciced to modify the fin structure

by shortening the sideburns so th:t they only extenued forwerd
to the c.g. of the bomb (designeted t¢s Fin B or short sideburns).
Wiile this decretsed the evelleble 1ift, it improved the pitch

«10-







roll orlentution of sn L - 9§ controlled direet sight bouwb, the

question of :. - @ versus X - ¥ control wus reconsidered.

Wind tunnel Eests on the full-scele 1000 1b, tele~

vision bomb end on & helf-scule metel model of it with

remotely opereted elevators ind ¢ilerons wna aounted in &

gimbz21l system permitting complete rotztilonsl freedom cbout

its center of muss (see movie recordsj hed indiceted that

continuous roll control wes essentisl,

longer then thet required for X - Y control.

together witn tne necessity of sutomstically stubllizing the

Koreover, the time
intervel involved in effecting E - @ control is inherently

These fucts

rol4 arientetion of & direct slgnt bomu mude it eppecr .

sdvisiblé to employ X - ¥ control for sll future hish-sngle

dirigible
lavolved.

& reie of

menipulation of the ailerons to stabilize the roll oriénﬁetiqn
of the bouwb (see.Section 4, FLfth Progress feport).
tory model of thls gyro systeu wis tested in tae helf-scele
nmetel gimbel-mounted model in sthe 5 £t. wind tunnel end the

roll stabllizetion in pitch found %o he'adequéte {see movie

reccrds).

pitch dete thus fer obtsined were not directly eppliceble to

‘bombs in spite of thne instruwentel complicetions

L two gyro system consisting of ¢ directionel end

turn gyro wes therefore developed for the sutomstic

Whilelit wEs reslized thet the thiee-component

=]l2e
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sn X - ¥ controlled bomb, wina tunnel tests for combined

pitch end ysw were posticnea until & pilot-plent production

model of & 100U 1lb. high-sngle bouwb aitn cruciform fin

structure bssed on tﬁe . I. T. television-equipped unit

hed been completed by the Gulf Fesesrch und Development »

CQmﬁany (see .below). In the mesntime, further consider:ztionm )
oi the technigue of direct sight bombing indicited thet the |
117t cveileble in the i, I. T. television bomb woula not he

edequete for certein applicetions or.it. ! éeries of experi-

ments designed to investigste the effects of widening &nd

lenglhening Fin 38 end sgpareting the lift «¢nd control surfsces

were therefore conducted in: the Wright Brotners! Wind Tunnel ’ ‘

on a 3/4-scale vwooden model of the 4. I. T. 1000 1b. television :
bomb. The results of these tests waich involved the determine- ‘
tion of the stetic pitech chﬁractéristics of elght different’
fin structures zre summerized 1n Section 4 of the Sixtn , }
Progress Eeport.

Tne Gulf pilot-plent production model of & 1000 1lb.
bigh-tngle dirigible bomb 1s shown in Fig. l. It wes designed
for the drop-testing of boubs sultible for testlng television,
terget-seeking, direct sight, or zny other techniques of
diriaiblé high-zagle bombing. The nose wnc psil'ogi#es-pf
the cuse were iltered from those of the_étanuarq Army M-44
bomb to eccommod:ste more re&dily control equipment. The fin
structure is essentlelily thet developed for the 4. I, T.
1000 lb. television-equipped £ - @ controlled bomb, Fin
structure C rether then B wes used for the verticel fim to

-13-
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vermit eesier mounting of the bomb hooks.. Tune wulf boub
wes designed for X - ¥ control being g,ro-stebllized with
respect to roll. The rudder control -surfeces in tne verticel
fin ere identicel with the elevetors. fiieron zctiou ‘or
roll control is ccnlevea by & solenoid—oﬁerated differenticl
aeflection of b 3 deg. ebout tine neutrel position of the
two helves of tue rudder assewbly.

Tb chees the bzllistic coefficlents end the
cherecteristics in cowbined pitch :nd yew of the Gulf boub,
e speclel gimbel-mounted full-scele moael wcs tested in the
Wright Brothers' Wind Tunnel &t & velocity of 150 u.p.h.
These tests ere describea end tne results summsrized in
Section IV of the Gulf hesesren ena Develoguent Coupeny
Progress Fejport of October 15, 194z, entitled "Lxperluentel
Investigetions in vonncction witu Lign-ingle Dirigible Bombs."
Since the Gulf bomb represents tue tentetive finel high-engle
dirigible cruciform fin model bomb, the experisentil results
ere reproduced grepnicelly nere in Figs, Z - 19. In eddition
to the grephs in the Gulf Leport, four other plo:ts zre incluaed.
Figs. i6 - 18 represent tveripes with respect to contirol
surfece setting cna :agle of etteck of the two-joint (wocdel
free in pitch) controllebility @nd bellistic coefflicient
results given in Figs. 13 - 15. Tanesc eversge velues ure
used in cclculatin.'trajectories for tne Gulf bomb. Fig. 19
is & plot of the elevetor hinge woment «t trim versus :hﬁ

‘correSpondinb trim velue of CL for tne bowb,

x
i
}
!
1




The study o! tne bomb!s cgharccteristice in cowbined

piten #nd yew revecled the foliowing frets. Ihe controlice-

bility curves for tne horizontal :nd verticcl fins remcin

eagenticlly the sume &s those for esch of taem in itch tlone

(see Fig. 16). Lt most the vertical 1ift force on the boub

in trim in piteu is decrewsed by 15 per cent when the bomb is
.oreover, it wis found thet the dreg

simulteneously yuwed.
force wes cpproximetely equel to the sum of the drig forges

on the bomb for the horizontsl &nd verticel fins in pitch
&lone.
tunnel tests on the Gulf bomb wes thet inherent zerodyneuic
rolli torcues of the order of ten times tane mugnituue of tne

stetic cileron driving torgue were found to exist when the
Tne present

model w&s simultaneously pitcned end yewed.
report is chiefly concerned witi tne resuits ol ¢ study of
these 1r0ll torques znd & possible meens of aliwineting thew

by subatituting shrouds for the cruciform fin structure.

The wost significent result of this portion of the wind




SECTION II. ROLL TORQUE TESTS

Le _#ODEL

1 specislly designed helf-scele model of the Gulf
high-sngle eruciform fin bowb wes used for the study of the
roll torques developed in combined ,_itch &¢nd yaw. Detzils
of the model cre shown schemeticelly in Fig. Z0. The ctse
which wes hollow tnd meide of wood wes divided into two parts,
nose tnd tell, et ¢ point epproxiumetely 1" forwerd of the Ce.g.
of tihe bomb. These two "halves" were then mounted on & 3/4"
stee’ rod with epproximztely 1/32" clewrance between taem,
the rod constituuing tne longitudinal ¢xis of the bomb. The
nose hclf was fixed to the rod while tne reir portion nes
free to rotcte on bzll besrings. Detzchable 1/38" durcl fins
with the stendzrd Gulf control surfices were mounied imn slots
milled in the teil portion of tne cese. The reer helf wes
coupled to the fixed nose portion vie ¢ bali betring mounted
indexed dural disc with i1:adisl slots milled &t lu deg. intervals
aroundi its circunference «nd & resistence wire ctrein geuge
on a cantilever heau fixed to the front heif. Twnus, the teil
half of the model having been mecnenlcelly belinced, etero-
dynewic roll torques developcd by the fin . structure &s &
function of roll ingle could be obtsined directly from.the
strein geuge recdings. Tae roll orientation of the fin
structure was veiried in 10 aeg. interv:lis by mens qf ¢ key

fitting the redicl slots in the indexed durel disc.

16
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The method used for mounting the model in the wind

tunnel-is shown scheﬁatically'in-Fig. 21.. Ihe steel roa con-

stituting the longitudinel &£xis of the model was supported
by two vertical rods telescoplng intc steei tubes which were
festened to the moveble portion of ¢ chennel frame resting on

the Tloor of the tunnel. By veryin, tbe heights of the

verticel supports it wes possible to very the zrtitude of the

model in pitch from - 15 deg. to + 15 deg. The yaw attitude

wes varied by roteting the portion of tqb channel frame cuyrying

the vxis rod supports ctbout & verticsl plvet exis midway be-

tween the supports (yaw ringe = & 20 deg.). Thus 1t .vss

possible to very the pitcn end yew of tne model incependently

or simulteneously.

B, SXPERIMENT/L PEOCFLUER JND TESTS ‘

£11 of the roll torque tests were conducted ix
the .. I. T. 5 ft. circuler wind tunnel. They were mude tt
velocities of 40 end 50 a.p.h., tce lover velocity being used
for :hose éonfigurétions which developed egceésively.high
velues of roll tori.ue beyond tae renge of the strein geuge.

L -symmetricsl fin structure of type B (see Figs 1) wes-used
for =11 the tests, l.e., botn the horizontel ana'?érticsl fins
~ere type B.. Tois fin structure ruther towuh tae s}ymmetricul i
one of the Gulf high-ingle bowo hiving horizontsl Fin B snd
verticel rxn.c wes tested fur two reasons. The mecsurements
on the full-scele gimbtl-mounted Gulf model in the Wrignt
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Brothers! Tunnel hed indiceted thet roll torques of the order
of cen times the megnltude of the eveilsble Lileron driving
torcue wére_developed in combined pitch ena.yaw. It wes
therefore evident thit tne esymmetriccl fin structure wes
unsujiteble for sn X - ¥ uontro;led boub requiring correctioﬁs
to its trejectory in both renge &nd hzlﬁuth, it being iuprec-
tic:zl 1if not impossible te increuse the tileron torgue by &
fector of ten. Moreerr, if the crucifora fin dirigible
bomb were to be used for direct sight bombing, :1l of the

3% for Pin B would be reguired. Consejuently, ¢ symmetricel

fin structure of type E wes selected for the roll toryue tests.

! typlcel test run consisted of thne following. The
engle of etteck wes first edjusted by pitching :nd (or) yeawing
the model by meens of the tunnel mounting described tbove. '

For thls particular attitude the roll torque deyeloped wES

then messured &s & function of the roll vngle which was vaﬁ;cd

by steps of 10 deg. for © 60 deg. of roll. zero roll engle

_was teken to be tae orlentétion of the Tins for plteh end ysw

trim of the bomo for the selected s:titude.
Before investigiting the roll -torques tcting on the

bomby, the stetic c¢ileron criving torque ot zero piten, yow,

-end roll engles wis mezsured., The harizon:al controllsurrecea

were used &s :zlilevons o minimize the effect of the verticsl
support rods on the sirflow over the wodel. In #ddition to

the stenderd tileron sction of ¥ 3 deg., dcte were obteined

for differentisl deflections of 3-5 degs tnd ¥ 16 degy
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Foll torque me:surements were muGe for piteh tnd
yaw fldne.:nd for ¢ number of combinutions of pitch &nd yéw.
Kost of the dete were abteined for negetive pitch ¢ngles to
minimize the effect of the vertical supports. For ewgh '

attitude, date were teken for zero settings of the control

surfoces tnd clso for triam value settings &s glven for Fin' B
in Fig. 16. Thus :n attempt wes made to separcte the effects
of ‘the fine vnd the control surfaces on the development of

roll torgues.

| The results of the roll torque tests sre summirized
graphic&lly in Figs. 22 - 28, The following sign conwentién
1s used for the unguler displecewents of toe model. Pitch
is positive for "nose-up", i.e.,.stil rcther then dive,
Viewing the mo&ei from ztove, clocswise rotitions eboﬁt L
verticel txis thfough phe_c.g. constitute positive yaw. &
positiﬁe roll sngle is e clockwise rotetion zbout the longi-
tudinel e¢xis looxing from the teil tow:rd the nose of the bomb.,
Fig. 22 gives the stetie ¢ileron drkvihg tarque &s
g function of the differencial'éeflection of & set'of the
control surfaces. While the dete were obtained-oh &€ helf-
scele model &t z velocity of 50 m.p.h., the results ere for
convenlence of coumperison with drop-test duté plotted for &
full-sccle _Mél'et £ velocity of 150 «.p.h. It will be

noted thet the atatic eileron driving torgue is & linesr
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function of the differenticl deflection for the renge covered
in the meesurements snd thet for the stenderd Y, deg. it is
ecuel to 2.4 lb.-ft, (full-scele, 150 w.p.b.). oince one 1is
prim:zrily interestecd in countersctin, iny inherent roll
torques with tn equel or retcter etnd opposite aileron driving
torcue to muintein control of tne bomﬁ, the stetic wileron
driving torque for ¢ ! 2 geg. ailfferenti:l deflection wes
chosen &8s the unit of roll torque. .oreover, thi:c unit is
1ndepend§nt of the scetle of the model cand the YESt velocity.
Heesurements of tine roll torques developed vith zero
se?tings of the control surfi:ces showed only aminor differences
between the two sets of dete. With trim settings, the roll
torques were slightly less ¢t zero roll orientetion. From
this it wes concluded thct the fin rather thun the control
surfices were responsible for the lnherent roli torques which
were wmessured. Since in prictice one is only concerned with
the behevior of the bomb in tne neighbornood of trim, the
results of the "zero seéting" meisurements .re ﬂot given nere.
Flg. 23 represents & plot in tne pitch-yew quedrents
of tre roll toryues meusured &t zero roll orientetion, i.e.,
pltch end yew trim. su etteswpt iks been wede to drew in the
conteurs in the negitive pitch ind positive ysw (uearent.
While the gyro-stebilizing unit is designed to meintein &
zero roll orientstion of the bomb, the "tightness" of the roll

control it exercises 1s limited to &pproximetely ¥ 5 deg. of
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roll. Fig. 24 gives the meximun velues of Troll torque
enccunterea in the renge of Yo deg. of rolli, zgein plotted
in the piten-ysv quoedrents. Figs. <5 - Z8 represent tne types
of curves obteined for thne roll torgue &s ¢ function of roll
zngle for perticulsr attitudes of the boamb. From &n eximine~
tion of these one cén deterwine the niture of the stebility

of ¢ given roll ecuilibriua pysition,

To affer et lecst ¢ quelitetive explenation of the
meesured roll torgues, one must :zccount for tie results given
in Fig. 23 end the type stebility possessed by the bomb
{(Figs. 25 -~ 28). Thus in piten end y:iv zlone, 1t wes found
theét the bomb wzs in roll eguilibrium et zero roil orientetion.
aoreover, these roll eguilibrium positions cre siible es
indiceted by tac negsetive slope of the rolli torcue versus
roll engle curves (see Figs. 25 enc <6). For attlitudes of
ecuel pltch snd yew displicements, zero roll tngle elso
constitutes ¢ roll ecuilibrium oriéntetion. In tnls ccse,
however, the ecullibrium is metestebic &s suown by the posl-~
tive slope of the roll torque-roil engle nlot (See-fig. 2.
For attitudes of unequzl pitch end yaw the bowb is not in roll
equilibrium ¢t zero roll sngle (see Fig. 28).

flemembering the¢t the roll torques developed wre due
primsrily to the fin end not the control surfices, the results
cen ke expleined cuslititively on the besis of the meximum
cross-sectlonsl sree theorew &nd :syametricel tirfiom over the
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By the weximum cross-

tvo halves of r glven fin surfece.
Tect tnetl & rectenguler

sectioncl &ree theorem is ameént the

flet plate free to rotcte cbout its "longitudinel sxis," thet

exis lying in tne plene of the plute ¢ long the center line
peTelliel to 1its longer dimension, will if pliced in & wind-

strecm rotete tbout thnis exis until it presents &£ meximum
This condition 1s settisfied

cross-sectioncl ctres to the wind.
when the flet plete 1s tengent to the cone of which its

longitudinel sxis 1is en element und the wind velocity vector
4lso since it is only in this orientation thet

the cxlis.
the center of pressure lies on tie pivot wxis of the plite,

it 1s ¢ steble configuretion, an cerodynzaic restoring torgue

being developed if the plate is rotited slightly out of the

tengent sline to the cone.
Considering the cruciform fin structure c¢s being

composed of two flet pletes set ¢t right :ngles with thelr :

longitudinel exes collineecr witu the iongitudinel ixis of the

bomb cise, we would then predict thet in Hiﬁch end yew &lone . .

the bomb would be in steble roll equilibrium &£t zero roll

tngle. 4+his is exectly whet tone roll torgue tests pro#ed

(see Figs. 22, 25, 26).
For simultineous pitch :nd yiw, thne explenstion of
Let us tesze up the

the results is somewhct more complicated.
firat., [/t zero rtoll ngle in

cese of egual piﬁcn end yew

equel plteh end yew esch of the fin surfeces mekes Ln tngle

of 45 deg. with the tangent

-2

pisne to the cone. Therefore,




;he_restoring torcues :cting on tnem Bre equel but opposite

in sign. Moreover, eny wusy.netries in e¢irflow due to downwash

from the body &nd other fin surfece over the two hclvesg of

£ given fin will be counterbelenced by &n equil ind bpposité

effect on thé_ other surfice. Zero roll tngle should then be

c“roll eguilibrium ;osition for eguul pltcn tnd ysw. Tuls seme
cone.usion cen be reacned from syumetry uoqsiaerations. Thas

st zero toll engle in equzl pitch end yaw, the pline determined
By the longitudinel sxis of the bomb :nd tne wind velocity
vector constitutes s ;erlection plane'of sywaetry for thne bomb._

The net 11t vector scting on the bowb must therefore lie in

this plene end hence tne roll toriue be zero., However, since.

there will be =n unbalence of the restoring torques'on the two
fin surfeces wnd of the effects of usymuweiries In zirfiow
giving rise to 1roll torcues in the seme direction &¢s roll dis-

plecements from the gero orientestion, the roll eguilibrium
Unsteble

found for equel pitch &nd ysw should not be steble,
roll ecuilibrium for equzl pitch cnd yzw wes observed (see

Fig., 27). In sddition, it wes found thet roll oriéntations

of : 45 deg. were steble roll equilibrium Lositions which 1s

vhet the mexiumum cross-sectionel zres thecrem would prediét.

2t zero roll angle for attitudes of uneguel piteh

and ysw (both Gifferent froa zero) the tuo {in surfices wcike
unequél &ngles to tne tangent pline to the cone. Essentislly,
the oroblem 1s the semé zs thet for roli tngles different from

zero &t equsl pitch end yzw, Thus zn inhcrent erodynenmic
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rgli torque will exist «t zero roil orientetion. Tue skgh

end megnitude o7 this torque will depend upon the signs &nd
reletive megnifudes of the piten end ycw for the attitude

under consideration. [Ihe results of the measurewents for the
negetive piteh rnd positive yrw quudrent cre given in Fig, 23,
Symmetry conditions permit one to predlct the signs of the roll

torques for the other quadrents, tne magnitﬁdes being the seme.

CONCLUSION
- . - . 'Fpom Flgs. 23 end 24 it is evident thit vt letst
taree unlts (scfety fuctor of 1.5) of eileron driving torgue
ere required to uwsintzin roli coatrol of wn X - Y controiled
higu-engle dirigible bowdb with symwmetricel type B crucifornm
fin structure, the pitch «nd yaw engles being liaited to

b 15 deg. Ena the gyro-stebilizer cssumed to meintein thé roll

orientetion »itnin ¥ 1o ceg. of zero. In pructice, 1t is
extremely difficult to lncreese tae tviilible eileron driving
torcue by & fector of turee. The nccessiry increcse in the
effective uree of the eilerons und (or) tue icrger dlfferentiel
deflections necded raises the power requirements excessively
end ..ty cuuse interference with tne rucder control system,

4 poseible means of elimineting the inherent roll torques

by replecing the curciform fin structure with cylindricel
gnrouds Elving cylindricel symoetry cbout tne longitudinel

txls of tne bomb wts tnerefore considered.
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SECTION IIl. CSEFQUDED HIGE-iNGLE DILKIGIBLE RO.IB

Ls_ FIN/L SHROUL MODEL
l. ODEL

The penerel forw of the shirouded high-tngle boub
developed ut x%. I. T. in collsborstion with mewbers of the
atef{ of the Gulfl Resecrcin :nd Development Cowpeny is illus-
treted in Figs. 29 - 31 whica sre pnotogriphs of the model
used for the wind tunnel tests. Thé citse of the bomb tested
w&s & helf-sctle sheet cluminum model cof tnet used for fhe
1000 1b, Gulf high-ingle bomb (see Fig. 1). Thres cylindricel
shrouds' mounted couzxisl with the cise inu functionzlly aesig-
neted £s the 1lift shroud (L.S.), stzbility shroud (5.S.) &na
control shroud (C.S.) replcced the flect plete fins tne ruader
end elevetor control surfices of tne crucifory wodel high~ingle
bomb. The disposition ¢nd helf-scele diwensions of these
shrouds ere shown in Flg. 22. The di:meter of ﬁhe 1ift snd -
stubility shrouds is approximefely equel to tane wiath of the
cruciform type fins., The 1ift saroud wes mounted on eight
studs symmetricclly speced in peirs et intervils of 90 deg.
eround the eylindricel portion of the cese while ¢ single
trensverse diemetricsl rog supported the stebility shroud.
Control of the piteh angle of tne bomb wes zcnleved tarough
varying the sngle of &tteck of the control shroud by rotction

ebout & trensverse diemetrical pivot axis (sce Fig. 31). In
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an ettempt to atteln sn cerodyneamic bzlince ¢énd thnereby reduce
the ninge moments, the pivot &xis wes located beck of the
lecding edge of the control shroud. The model wes eculpped
with two trensverse 3/8" steel rods, one pissing through the
e.g. of the bomb end the other 10" to tne recr of it, to
fecilitete mounting it in the wind tunnel.

2., SXPERIWENT/L PROCEDURE fND TEETS.

Three-component det: were obteined for the nelf-scele
shroud model in the i¥. I. T, 5 ft. circuler wind tunnel &t &
velocity of 40 w.p.h. The stundarda Prandtl 5-wire suspension
was used, pltecaing moments being obtiined directly ebout the
trensverse rod paésing through tne c.g. of the bomb., [t the
seme tiwme hinge moment det: were recorded for the control
shroud. The pivot exis wes free to rotete in bell vearings
end snguler settings were wede by wdjusting & turnbuckle
coupled to a centilever becm which was fixed to the pivot
t¢xis end on which was mounted ¢ resisteénce wire strein geuge.,
Ainge moments w-re obteined for two different positions of the
pivot £xis, one 25 per cent znd the other 40 per cent of the
length of the ccatrol shroud'back of its leeding edge.

3., RESULTS /NI DISCUSSION

The results of tne wezsurements mude on the ne¢lf-
scele shroud model zre summerized repiiiczlly in Figs. 33 - 40.
L couwperison of Flgs., 33 - 37 with uste obteined for the
eruclform Fin B (see Figs. 2, 4, 6, 8, 9, &nd 11) revecls tine
following. The controllebllity for smell settings of the
control surfece is better for the shroud thim for the cruciform
wodel, the slope of the shroud controllibility curve being very

-26-

a e
.




neerly constent. The pitch stebility of the shroud model 1s

considersbly prester for smell wngles of wttack ond is approii;
metely constent for 2ll wttitudes. The cviileble 1ift for the
twvo models is ebout the sanme, cL being equel to 1.0 for & trim
angle of etteck of 15 deg. While the drzg is roughly twice ¢s
greet on the shroud &8 on the cruciform bomb, this fect should
be zdventogeous in thet it will increyse the time of Tlight of
the bomb &nd ihereby the time cviilable for cpplying corrections
to its trajectory.

Figs. 38 and 29 give the hinge moment date obteined
for the control shroud., In Fig. 40 the corresponding trim
values of hinge moment for & full-scele model &t 150 m.p.h,
ere plotted &s ¢ function of the 1ift coefficient of the bomb.
fhc results for the cruciform Fin B (see Fig. 19) ere reproduced
here to the same scale for compsrison purposes., From Fig. 40
it is evident that there is no unique neutrel or cerodynamie
belence pivot axis for the control shroud. Moreover, the
excessively high vilues of hinge moments encountered for sny
glven pivot sxis rule out the possibility of verying the anglg
of atteck of & shroud to control the attitude of & high-sngle

. @irigible bowb.

It should be noted thet due to the cylindricel
symmetry ebout the longitudinel exis the three-compunent date
for the shroud model gre 2ppliceble to cn X -~ Y controlled bomb
of this type. Thus, haviné gyro-stebilized the bomb with
respect to roll, the control shroud would be simultanoousiy

roteted sbout two orthnogontl pivot exes to give the bomb both

2=




pitea snd yew. Two smell flst-plete solenold-operited aileron

tebs mounted to the resr of tne lift saroud could be used to

countercet roll torgues due to constructionzl esymmetries and

trensients during the time of spplication of control,

CONCLUSIONS
While the saroud model is superior to the cruciform

4.

fin bomb, the excessive power reguirements meke it impossible
/s 8 possible

to employ a shroud &s the control surfsce.
solution to this difficulty, it his been suggested thet the
control shroud be elimlneted end the stebility shroud repléced

by ¢« square (or octegonel) flut-plzte structure resembiing
the stenserd 1u00 1b. itriny ii-44 ' ‘

the Lorinz fin design for
Balenced rudders :nd elevetors would taen be introduced
Thus it would be possible

bomb.
into the treiling edges of the squere.
to minluwize the control surfice hinge wowents yet spproxicete

cylindricel symmetry &nd thereby ¢lso winimize roll torgues
developed for cttitudes of simulteneous piteh znd yew.

(s

PRELIS

! considerable number of wind tunnel tests were run

gt #, I. T. in connection with tne shrouded nigh-zngle dirigible

bomb. The object of this work wis to develop & shroud model

possessing the following cerodynemic cherscteristics &s con-

pered with the cruciform fin structure boub:
(1) Ilmproved controllebility and piteh stebility st

smsll tngles of sttuck.
(z2) #Iveileble 1ift equal to thet for cruciform Fin B,
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1. %ODEL ' '
The hclf-scele sheet sluminum bomb cese deécribed {
ebove (see Section III. £. 1) w#s used rfor &ll the tests. In
_some of the esrlier work & single S" aizmeter shroud wes used
es the tall =tructure. For such conflgure tions this teil ' j
shroud ected both zs stebilizing #nu control surfece tnd hence
wes. designeted s the control stability shroud (C.5.S.}. Tne
preiiminary worg eélsu incluaed en investigetion of the effect of
& spoiler on the pitch stabiiity of the two shroud (L.S. &nd

C.¥.5.) configuration. Tne spoiler used consisted of & sheet

&luminum s;eeve snugly f;tting around the cylindricel gortion "
of the bomb ctse end cepeble of being slid forward to project @
\ over the ndsq ogive (see Fig. 41);
? ( 2. EXPERIMENTLL PROCEDURE IND TESTSB

The prelimiﬁary ihvestligations of a shroudeﬁ high-
engle bomi cbnsisted of obtaining three-component dete for
. vgrious configurstions. &11 of these tests were conducted in
. the 4. I. T. & ft. circular wind tunnel &t & vélocity of 40
ar 50 m;p.h. Tae Prendtl 5-wire suspension wes uséd fof ell
.configurations.
- ifter meczsurements hed been wide on the bomb cese .

end the cuse + L.8., thé charocteristics of two-shroud configure

tions were inves:igated. In this connection, 1lift shrouds of
two different diameters, 1z 3/4% snd 1l 3/4%, end two control
stability shrouds, 9" in diaumeter und 4" end 6ﬂ'lohg,.we:e used.
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( The effect of tie spoller on thne stibllity of the two-shroud
modei, 7" x 12 3/4" L.S. tng 6" x 9" C.5.5., wes then tested.
Next the properties of & two-shroud bomb with the dizumeter of
the C.85.5. equ:l to the diameter of the L.S. were determined.
Finelly, the chartcteristics of sixtcen different three-shroud
(L.S., S.5. &nd C.8.) configurations includin, the use of ¢
14 1/2" dismeter L.S5. were luvestigited. J[s & check on their
cerodyneulc properties, three-cowponent mezsurements were mede
on seven different shrouds: 7" x 12 3/4%", 5" x 12 3/4",

THox AL 3/4%, 5% x 11 3/4M, 4™ x 9, 3n x 9N, ¢nd 4" x 7N,
3. [ESULTS IND DISCUSSION

It wes found tnat due to thne esymmetricel dreg on

the 1ift shroud, the lower helf of wiicn is in tue downwesh
( ; of the bowb cese, the two-shroud configurctions with & 9"

dismeter C.5.5. were unstible for engles of etteca less then

. ®

. 10 deg. The plots of pitchinyg mowent coefficient versus angle
of ctteck were pronounced cubics giving turee intercepts for

H ¢ zero setting of the C.S5.S. Displscing tne 1ift shroud reer-
ward & totsl of 3V did not wupprecicbly improve the piteh
stebility of the model. While the use of the spoiler eliminsted
the pitch instability, possible micropbonic disturbeznces ct
high velocities rencer it undesirzble. Incressing the dismeter
of the C.5.5. improved the pitch stubllity but geve poor
controllebility. The three-shroud model permitted one to very
the 1ift, stability znd controlisbility by vsryins the relative
sizes end disposition of the L.5., 8.8., e¢nd C.8. The fincl
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shroud model describcd in Section JII. L. reprecents the best
(:) compromise of 1ift, stebility, snd controllebility chericteristics.
Lift dstu indlcated thut ducreasing the dismeter of the L.S.
© from 12 374" to 11 3/4" would lower the svaileble 1ift by
. 20 per cent zhile incieusing to 14 1/xz" woulc relse it by wbout
40 per cent.

The results for only thet portion of tuie prelimincry
work which mlght &id in the ceslgn of - sQuare flet-plate teldl
structure for the shrouded high-engle ¢irigible bomb ire
included in thils report. lgs. 42 ~ 44 represent the detz for
the vomb cese vhila Figs. 45 - 47 give the results for the

cese + 7" x 12 3/4" L.S. Lift, drag. &nd pltcailng moment asztz
l ' Por five different shrouds &re given in Figs. 48 - 50.
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SUNMM/RY sND CONCLUSIONS

« On the besis of low velocity wina tunnel tests
conducted &t ¥. [. T., two tentutive designs for : high-ingle
dirigible boub h-.ve been evolved, one possessing £ symmetriccl
type B crucifora fin structure (see Fig. 1) :nd the other &
shrouded model (3ee Figs. 29 - 32). If tac cruciform model is
to be used &s &n X - Y coatrolled bomb, the zvalleble zileron
driving torgue wist be incressed by at letst & fzctor of taree
to maintein roll control in slumultsneous pitch :nd yew. Waile

the use of ¢ shroud c¢s & 1ift surface elininstes the inberent

I cerodynumic roll torques developed by the cruciform fin struc- ., ‘

ture, & redesign of the till assembly of the present shroud

model is required to reduce the econtrol surf:ce hinge moments

( before it ¢en be employed «s & bigh-engle dirigible bomb.
Future wind tunnel work in connection with the F
develorment of i high-sngle dirigible bomb eénd the type nodel, ‘
cruciform or shroud, finilly selected depends upon the over-
gll size specifications victated by the U. 5. fray. The
cruclform fin bomb caﬁ be cerried in the bomb racas of most

present fruy bomovers &nd therefore will be chosen &¢s the final

wodel if it is required thet the stinderd ricks be used. On
the other hand, if modified racks zre used, the shrouded high-
gngle bomb will be selected end wind tunnel tests should be
conducted to complete the redesign of the teil structure.
Modiried boub ricks will be needed since the cross-sectionel

erez occupied by the shroud moael 1= greiter then Jor the cruei-

(m\ form fin structure, the cruciform fins being the dizgontls of
- the squere prism enclosing the cylindricel portion of the bomb
ceEe. ’
32~
!
R e - T
. ‘. ‘\"-‘i\'.




SLYENTH PROGRESS LEPQKT:
¥Written ana subaittea byt

J. F. lutzenluud
tporoved by:

B. E. Wurren

Fpril 15, 1943.




e

B g

O

 APPENDIX I: TERMINOLOGY

P N L% 3N
_ A W RE




C) |

¥ith the exception of the roll toriue tests, .11 of

the cucntitetive meesuremcnts were mede with the model in pitch
tlone, 1.0., three-comporent deti were auteined. The terms
plteh, yew &énd rol. &¢s tpplied to the Toll torque tests cre
defined in Section II.C. Tne terminology used in the discussion
of the wind tunnel tests dflthe'pitch cheructeristics of '
nigh-angle bomb is :s follows: ' _

Lift Coefficlent, CLz ihe lift coefficient is so defined

thet the 1i7t, or cross wind, force, L, tcting on bhe'ﬁomb

is given by,

l : L=c, x%efxus

where [ is the cross-sectionel ares in squere feet of

(') the cylindriczl portion of tne bomb body, p is the density
of tne tir in slugs/cubic ft., ¥ is the wind velocity in
ft./sec., tnd L 1is in pounds.

.' Dreg Coefficient, CD’ The arag coefficient is so defined

that ﬁhe dri.g force, D, ecting on the bouwdb is given by,
P=Cpxte?xt

p, 4, ¢nd V being defined ¢s for CL,-and D being given in

pounds. . '

Lngle of gt;gcg! g: o is defined =s the engle which the

longitudinel exis of the bomb sckes with the wind direction.

For three-coaponent ue:surewents, tie gitch ctngle is

identicel with the &ngle of attucx,
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Pitci ¥o 1881 ; t The pitcaing moment
coefficlent is so uveflined thut 2ﬁe torque or moment &bout
the c.g. of the bomb 1is given by:
uCG=cHCGx%-pv2xz.x-£
where p, £, end V tre defined ¢s for G, £ 1s the scsle
of the model (expressed in feet), &nd Hy; 1s in pound-feet.
Irim: The bomb is scid to be triamed or in trim when it
is in rotetional equilibrium, i.e., when CHCG = Q.

Controllebility: Controllebility 1s defined &8s the slope
of the curve of triu engle of eatteck versus control sur-
fece setting or tngle, 8 , For wn idecl bomb, the control-
lebility would be independent of a.

Stebility: Stebility 1s defined e¢s tne slope of the curve

of pltching woment coefficient vs. :ngle of attzck &t trim.
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i. 29: DILIGIELE SERGULLD BOwE

FIG. 30: DIERICIBLC SukOUDLL EOub
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APPENDIX I1. C. 2. PRELIMINARY TESTS: FIGS. 41 - 50. l’ t
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